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Fig. 1. Three scatterer statistics in the resolution cell that can be 
modeled by Nakagami distribution, including (a) a small number of 
scatterers, (b) a large number of randomly distributed scatterers, and (c) 
randomly distributed scatterers with regularly spaced scatterers. 
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Abstract—The myocardial architecture of the left ventricle is 
important for diagnosis, as it is associated with the mechanical 
and electrical functions. Nakagami imaging has been used in 
modeling the statistics of backscattered ultrasound signals in soft 
tissues, and the m value is found capable of differentiating 
various scattering conditions. Therefore, this study aims to apply 
Nakagami imaging to explore its feasibility in evaluation of the 
structural anisotropy in the myocardium. Three excised porcine 
left ventricles were embedded in gelatin phantoms and imaged in 
standard long- and short-axis views using the coherent plane 
wave compounding technique and a linear array probe operating 
at 5.2 MHz. The Nakagami parametric map was generated using 
a window-based method using an optimized window size of 12λ x 
12λ. Four parameters, including mean, variance, skewness and 
kurtosis, were used to characterize the distribution of m values. 
Our results showed that the distributions of m values in the 
middle layers were statistically different from the subepicardial 
and subendocardial layers (p < 0.05). The mean m values were 
significantly different both between anterior and posterior heart 
walls and between long- and short-axis views (p < 0.05). Our 
preliminary results showed a potential of Nakagami imaging in 
myocardial anisotropy characterization.  
Keywords—Nakagami distribution; myocardium; ansiotropy; 
backscattering 
I.  INTRODUCTION  
The myocardium is composed of myofibers, arranged into a 
layered structure. These layers in the left ventricle (LV) exhibit 
a transmural variation in orientation, from -60° near the 
epicardium to +60° close to the endocardium [1]. The myofiber 
architecture is closely related to the mechanical [2] and 
electrical [3] properties of the heart. Heart dysfunction, caused 
by aging or myocardial diseases, can be associated with 
myofiber disorientation. Arrhythmia, for example, is majorly 
caused by the abnormalities in conduction of cardiac impulse, 
which is partially induced by the architectural changes in the 
myocardium [4]. Therefore, evaluation of the myocardial 
architectural features may aid the understanding of the cardiac 
function and potentially benefit diagnosis. 
Non-invasive investigation of myocardial fiber architecture 
has been performed using various medical imaging techniques, 
for example, magnetic resonance imaging (MRI) and 
echocardiography-based imaging. Diffusion tensor imaging 
(DTI), for instance, is currently the gold standard in mapping 
the myocardial fiber orientation in a non-invasive fashion. DTI 
is sensitive to the restricted diffusion of water molecules in 
tissue, which is related to the local tissue structure, and enables 
two- and three-dimensional tracking of the myofiber 
architecture [5,6]. The major disadvantages of DTI are that it is 
time consuming and cost inefficient. Meanwhile, the 
echocardiography-based methods are routinely applied in the 
clinic for functional and geometrical analysis in the heart due 
to its wide availability and real-time imaging capability. The 
anisotropy of the myocardium has been studied by ultrasound 
imaging. The backscatter-based approach proposed in the 
1980s can correlate the variations in backscattered signals with 
the directions of insonification based on the phenomenon that 
attenuation is greater when ultrasound propagates in a direction 
parallel to the fibers than when it travels perpendicular to the 
fibers [7]. This approach, however, depends on the ultrasound 
system settings and requires image calibration before 
subsequent analyses. Echocardiography-based shear wave 
imaging [8,9] has been exploited in mapping the myocardial 
fiber orientation in good agreement with histology and DTI. 
Nonetheless, shear wave imaging has not been widely available 
in clinical practice yet due to its special hardware requirements.  
Nakagami imaging is a non-invasive technique for tissue 
characterization through the analysis of the backscattered 
ultrasonic signals and does not require special hardware for 
data collection. The Nakagami distribution is a two-parameter, 
generalized distribution that can model the backscattered 
signals. It encompasses various scatterer statistics and exhibits 
computational simplicity. According to simulation and 
phantom study findings, the Nakagami shape parameter, m, 
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Fig. 2. Illustration of ultrasound scanning of the anterior wall at the mid-left-ventricular level in (a) a long-axis view and (b) a short-axis view, and their 
corresponding Nakagami m parametric maps were overlayed on the B-mode images . 
was sensitive in differentiating the number density of 
scatterers, the different scattering cross-sections, and the 
presence and absence of periodic structures [10]. This study 
aims to evaluate the feasibility of Nakagami imaging in 
characterizing the anisotropy in the myocardium. 
II. MATERIALS AND METHODS 
A. Nakagami distribution 
The probability density function of the envelope of the 
backscattered ultrasonic signal, f(R), fitted by the Nakagami 
distribution is as follows [10]: 
f(R)   = (2mmR2m-1)/(Γ(m)Ωm))exp((-m) R2/ Ω)U(R)    (1) 
where Γ( · ) and U( · ) are the gamma function and unit step 
function, respectively; R is the envelope of the backscattered 
signal. The shape parameter (m) and the power parameter (Ω) 
are calculated by: 
m = [E(R)2]2/E[R2 – E(R)2]2                               (2) 
Ω = E(R2),                                         (3) 
where E( · ) denotes the statistical mean. The m value can 
differentiate various scatterer statistics in soft tissues (Fig. 1): 
when m is between 0.5 and 1, the envelope statistics is 
Rayleigh distributed; when m is smaller than 0.5, the envelope 
statistics conforms to a pre-Rayleigh distribution; when m is 
larger than 1, the envelope statistics becomes a post-Rayleigh 
distribution. 
B. Porcine hearts and data acquisitoin 
Three freshly excised porcine hearts were examined in this 
study, and the LVs were carefully dissected. The apex and the 
base of the LVs were marked before embedded in a 5% gelatin 
phantom. 
Ultrasound in-phase and quadrature (IQ) data were 
acquired using Vantage 256 (Verasonics, Redmond, WA, 
USA) and a 128-element linear array probe operating at 5.2 
MHz at a sampling rate of 20.8 MHz. The coherent plane wave 
compounding sequence [11] was used in data acquisitions, with 
a total of 71 steered plane waves emitted sequentially. The 
overall angular aperture was 28.6°, from -14.3° to 14.3° at 4.1° 
increments, and the images for each plane wave insonification 
were coherently added.   
The LV was divided into anterior and posterior regions, and 
both the anterior and posterior walls were imaged in both 
standard long- and short-axis views. For both the anterior and 
posterior walls, the long-axis direction was first identified by 
linking the two markers at the base and the apex, and imaging 
planes were taken at the mid-ventricular level. Then the 
phantom was rotated by 90° about the center of the transducer 
before acquiring the images from the short-axis view. Image 
acquisitions were repeated for three times to test 
reproducibility. 
C. Data analysis 
While Nakagami imaging is a window-based method, a 
previous study showed that Nakagami parametric map quality 
was related to the size of the sliding window [12] and that  
decreasing the size of the sliding window improved the 
resolution of Nakagami imaging while sacrificing the stability 
of estimation. Based on our pilot study, a window of 12λ x 
12λ was chosen to balance the trade-off between estimation 
stability and image resolution. 
In order to explore the feasibility of Nakagami imaging in 
differentiating wall regions in the heart wall, the myocardium 
was manually segmented into 3 equally thick layers, i.e., 
subepicardial, middle and subendocardial layers, along the 
radial direction (Fig. 2). Regions of interest (ROIs) were 
contoured on B-mode images, and overlaid on the Nakagami 
image in MatLab (The Mathworks, Natick, MA, USA). 
D. Statistical analysis 
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Fig. 4. Comparison of mean, kurtosis, skewness and variance in (a) the anterior/posterior, (b) the long-/short-axis, and (c) the 
subepicardial/middle/subendocardial layers. (a) The m values of the anterior wall were higher than that of the posterior wall. (b) The m values of the long-axis 
views were higher than that of the short-axis views. (c) Among the 3 layers across the myocardiall wall, the middle layer had the highest m values, a lest 
skewed distribution and smallest variance of m values. *Indicates statistical significance at p < 0.05. 
 
Fig. 3. Histograms of Nakagami m values in (a) subepicedial, (b) middle and (c) subendocardial layers of three porcine myocardium (each with 3 repeated 
measurements). All layers were manually segmented and had equal thickness.  
 
Histograms of the m value within the three layers were 
plotted for the anterior and posterior walls in both the long- 
and short-axis views. The shape of the histograms was 
described by mean, skewness, kurtosis and variance of m 
values. For comparison between the anterior and the posterior 
walls, the afore-mentioned parameters were analyzed by 
Student’s t-tests. Similarly, the comparison between long- and 
short-axis views was also performed by Student’s t-test for 
mean, skewness, kurtosis and variance. The m value 
distributions for different layers in the myocardium were 
evaluated using one-way ANOVA for the four parameters. 
Significance was assumed when p-value was smaller than 
0.05. 
III. RESULTS AND DISCUSSION 
Fig. 3 shows the differences of the m distribution in each 
of the three layers across the wall, and the different m 
distributions for the anterior and posterior walls in the long- 
and short-axis views. The histograms of m values in the long-
axis view resembled those in the short-axis view in both the 
anterior (solid line) and posterior (dash line) walls. The 
anterior and posterior walls in either the long- or the short-axis 
view, however, exhibited distinct distributions of m values in 
the subepicardial and middle layers of the myocardium. The 
subepicardial layer of the posterior wall showed a larger 
amount of low m values (below 0.3), while that of the anterior 
wall had m values widely spread from 0 to 1.3. In the middle 
layer, the anterior wall had a comparatively symmetrical m 
value distribution, and was less affected by small m values. 
The mid-wall of the anterior region, on the contrary, exhibited 
a wide spectrum of m values ranging from 0 to 1.0. The 
differences between the anterior and posterior walls in the 
long- or short-axis view in the subendocardial layer were less 
notable compared to those in the subepicardial and middle 
layers. 
The distributions of the m values were described by four 
parameters as demonstrated in Fig. 4. In addition to mean and 
variance, skewness measures the asymmetry of a distribution 
deviating from the Normal distribution, and kurtosis measures 
the height of the peak of one distribution compared to its tails. 
The anterior and posterior walls had significant differences (p 
< 0.05) in mean m values but similar skewness, kurtosis and 
variances. Similarly, under different echocardiography views, 
only significant differences were observed in the mean m 
values (p < 0.05). For the layer-specific m value distributions, 
the middle layer had significantly higher mean m values 
compared to the subepicardial and subendocardial layers (p < 
0.05). This echoed the findings in Fig. 3 that low m values 
were more likely to be found in the subepicardial and 
subendocardial layers. The kurtosis of the m distribution in the 
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middle layer was significantly larger than that in the 
subepicardial layer (p < 0.05), indicating that the m values in 
the middle layer were more concentrated at higher m values 
(Fig. 3b). The middle layer also had the least skewed 
distribution compared to the subepicardial and subendocardial 
layers (p < 0.05) as observed in Fig. 3b. Among all layers, the 
middle layer had the smallest variances although the deviation 
from the subendocardial layer was not statistically significant.   
To our best knowledge, this is the first study applying 
Nakagami imaging in the heart. In this preliminary study, we 
found that the middle layer under Nakagami imaging was 
different from the subepicardial and subendocardial layers. 
This may be explained by the widely known transmural 
variance in the fiber orientation in the LV. Fibers run 
circumferentially (0±22.5°) in the middle region of the 
myocardium at mid-cavity level, while they rotate clockwise 
and counterclockwise with respect to the circumferential 
direction in the subepicardial and subendocardial layers, 
respectively [1]. Since both long- and short-axis views imaged 
the cross-section of the myocardial fibers in the subepicardial 
and subendocardial layers, the clockwise and counterclockwise 
rotation of fibers may have resulted in similar scattering 
patterns. Therefore, Nakagami imaging might have limited 
sensitivity in differentiating the subepicardial and 
subendocardial layers. Nakagami imaging also revealed the 
difference between the anterior and posterior walls in the 
middle layer, and the anterior wall had significantly larger m 
values.  
In the future studies, anisotropy revealed by Nakagami 
imaging should be correlated with a gold standard, such as 
histology. Since the backscattered signals are probe-angle 
dependent, the influence of insonification angles on Nakagami 
imaging shall also be investigated.  
IV. CONCLUSION 
Our results showed that Nakagami imaging was able to 
differentiate the middle layer of the myocardium from the 
subepicardial and subendocardial layers. The anterior wall had 
a larger m values compared to the posterior wall in the middle 
layer. In addition, the long-axis view also had a larger mean m 
value in comparison with the short-axis view. Therefore, 
Nakagami imaging may have the potential in characterizing 
the structural anisotropy in the myocardium. 
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